Cysts, a common abnormality of kidneys, are collections of urine-like fluid enclosed by a continuous layer of epithelial cells. Renal cysts derive from nephrons and collecting ducts and progressively enlarge as a consequence of epithelial proliferation and transepithelial fluid secretion. The initiation of cyst formation and the factors that control cyst enlargement are unknown. We used an in vitro model of renal cysts to explore the role of the cAMP signal transduction system in the formation and expansion of cysts. MDCK cells, cultured in hydrated-collagen gel, produced polarized monolayered epithelial cysts when intracellular cAMP was increased by prostaglandin El, arginine vasopressin, cholera toxin, forskolin, or 8-bromoadenosine 3',5'-cyclic monophosphate. All agonists were potentiated by 3-isobutyl-1-methylxanthine, a nucleotide phosphodiesterase inhibitor. The cell proliferation component of cyst enlargement was accelerated by cAMP agonists, as shown by the increased growth of MDCK cells in subconfluent monolayers. The fluid secretion component, reflected by the transepithelial movement of fluid across polarized monolayers of MDCK cells grown on permeable supports, was stimulated by cAMP agonists in the basolateral medium. Chloride levels were higher in the cyst fluid and the secreted fluid than in the bathing medium. We conclude that the development of MDCK cysts is dependent on cAMP. This signal transduction system may be an important modulator of epithelial cell proliferation and transepithelial fluid secretion in the kidney.
Renal cysts are among the most common pathological structures observed in kidneys. They are isolated collections of urine-like fluid surrounded by a continuous epithelial layer of renal tubular origin (1) . Cysts may be solitary and relatively innocent or so numerous (polycystic) that they compress and distort normal parenchyma and, thereby, cause renal insufficiency.
Renal cyst formation and enlargement is the product of a highly coordinated interaction among three central processes: epithelial proliferation, fluid accumulation within the cyst cavity, and remodeling of the interstitium (matrix) that surrounds the cysts (2) (3) (4) (5) . The independent assessment of these three factors is difficult in the intact kidney; however, the development of an in vitro model of renal cystic disease that utilizes MDCK cells growing within a collagen matrix has permitted more directed inquiries into the pathogenesis of cysts (5, 6) .
Three-dimensional clonal growth of MDCK cells in hydrated collagen gel yields spherical monolayered cysts. These MDCK cysts are polarized, having their basolateral surface in contact with the collagen gel, and are filled with clear fluid (6) . MDCK cysts in collagen exhibit epithelial cell proliferation, intracavitary fluid accumulation, and matrix remodeling (5) . We used this in vitro model to explore the regulation of cyst formation and enlargement. We have found (5) that prostaglandin E1 (PGE1), an arachidonate metabolite that stimulates cAMP production in MDCK cells (7) , strongly promoted the enlargement of MDCK cell cysts grown in hydrated collagen gel. In the current study we examined the role of the cAMP signal transduction system in the formation and enlargement of MDCK cysts. The results indicate that cAMP controls cyst formation and enlargement by regulating the rate of cellular proliferation and the rate of net transepithelial fluid secretion. Preliminary reports of this work have been presented. ¶ MATERIALS AND METHODS Materials. Cholera toxin was purchased from CalbiochemBehring. Insulin, transferrin, and selenium (ITS) were obtained from Collaborative Research. Dulbecco's modified Eagle's medium (DMEM) and F12 were purchased from Hazleton (Lenexa, KS). All other compounds were obtained from Sigma. All compounds were dissolved in DMEM/F12 [1:1 (vol/vol)] culture medium, with the exception of forskolin and PGE1, which were dissolved in 95% ethanol. Final ethanol concentration never exceeded 0.1%. Most compounds were dissolved just prior to changing the medium.
Cell Culture. MDCK cells (8) , obtained at passage 53 from the American Type Culture Collection, were maintained as monolayer cultures in medium containing a 1:1 mixture of DMEM/F12 containing 5% (vol/vol) fetal bovine serum (FBS; HyClone), 10 mM Hepes, sodium bicarbonate (3 mg/ml), and penicillin G (100 units/ml). A single-cell suspension was obtained by trypsinization (0.05%) and trituration. MDCK cysts were prepared by suspending cells in ice-cold liquid type I collagen [Vitrogen (Collagen Corp.), neutralized with NaOH and containing minimal essential medium (MEM), Hepes, and NaHCO3] (6) . Raising the temperature to 370C caused gelation, trapping the cells within the matrix that attached to the bottom of the culture plate.
DMEM/F12 supplemented with 5% FBS was layered over the gel. The studies in this report were performed with cells derived from the subculture of a single cyst (5) .
MDCK cell cysts were produced by suspending 5000 cells in Vitrogen into each well of a 24-well plate (0.4 ml per well) prewarmed at 370C. After gelation, a 1.5-ml solution containing serum-free DMEM/F12, insulin, transferrin, seienium, triiodothyronine, hydrocortisone, and specific cAMP agonists was added to the fluid above the gel. Plates were Abbreviations: MIX, 3-isobutyl-1-methylxanthine; PGE1, prostaglandin El; 8-BrcAMP, 8-bromoadenosine 3',5'-cyclic monophosphate; FBS, fetal bovine serum; AVP, arginine vasopressin.
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maintained in an atmosphere of 5% Co2 in room air at 370C (Queue CO2 incubator, Queue, Parkersburg, WV). MDCK Cyst Enlargement. Culture plates containing MDCK cells embedded in collagen were fed every 2-3 days for a period of 27 days. Within 2 weeks, individual cysts that were derived from the clonal growth of solitary MDCK cells could be readily visualized. After a total of 4 weeks, the number of cysts in the well and the volumes of individual cysts were determined. Data in Fig. 1 and Table 1 are from one of three separate experiments.
Data Analysis. Plates were examined with an inverted microscope (Nikon). For this study, a cyst is defined as a spherical structure with a distinct cell wall and central cavity greater than 200 gm in diameter. The diameter limit was set at this level to exclude collections of cells that had not filled with fluid to form unequivocal cysts. The number of cysts was counted in 10 microscope fields at a magnification of x 100. We determined the outer diameter of the same cysts used to determine total cyst number. Volume was determined from V = (4/3)7rr3. Results are expressed as absolute number of cysts and cyst volumes per 10 microscope fields (mean ± SEM).
Cell Proliferation. To determine effects on the rate of MDCK cell proliferation, 10,000 MDCK cells were plated onto T-25 flasks and incubated overnight in DMEM/F12 supplemented with 5% FBS. Serum was removed from the medium and the cells were fed with hormonally defined medium supplemented with cAMP agonists for 7 additional days. The cells were trypsinized (0.25% trypsin/0.1% EDTA) and the number of individual cells was counted with a hemocytometer.
Fluid Secretion. To determine the effect of cAMP agonists on the secretory component of cyst formation, we quantified fluid secretion across confluent MDCK cell monolayers cultured on permeable membranes coated with type I and type III collagen (Transwell; Costar). Cells were plated on the upper surface of the membrane and fed with DMEM/F12 containing 5% FBS on the apical and basolateral surfaces until they reached confluence.
To begin the experiment, the apical medium was removed completely and replaced with water-saturated mineral oil, and hormonally defined medium was placed in the bath side. The oil level of the apical side was kept higher than the fluid level bathing the basolateral side of the monolayer to prevent passive movement of fluid into the upper chamber. The basolateral surface of the cells was stimulated with PGE1, forskolin, or 8-bromoadenosine 3',5'-cyclic monophosphate (8-BrcAMP) alone or with 3-isobutyl-1-methylxanthine (MIX). Fluid secreted onto the apical side of the monolayer collected underneath the oil. The combined oil and fluid was collected by aspiration every 24 hr. The sample was centrifuged to obtain a water droplet whose volume was determined in calibrated microcapillary glass pipets. A sample of the outer bathing medium was also taken. Na+ and K+ were determined by flame photometry and Cl-was determined by electrometric titration. Osmolality was determined by freezing-point depression.
Electrolyte Analysis of MDCK Cyst Fluid. Fluid was collected from MDCK cysts grown for 3-4 weeks in hydrated collagen gel. The gel layer was removed from the culture plate, blotted on filter paper, and immersed in mineral oil. Cyst fluid was aspirated with a micropipette filled with mineral oil and frozen at -90°C until analyzed. The electrolyte content of the cyst fluid and the bathing medium was determined with wavelength-dispersive x-ray spectrometry, using a Cameca MS 46 electron probe (Cameca Instruments, Stamford, CT) (9 Total number of cysts (n) greater than 200 ,um in diameter found in 10 microscope fields at a magnification of x 100 after 27 days incubation in collagen gel is presented. Volumes of those same cysts are reported in nl (mean ± SEM) and were determined by V = (4/3)irr3.
was discarded, and cAMP was extracted with 80o (vol/vol) methanol. The methanol was evaporated at 370C and the sample was reconstituted with 0.4 ml of 0.05 M sodium acetate, pH 6.2. Cell protein content was determined by colorometric assay (Bio-Rad). cAMP was determined by radioimmunoassay (DuPont).
RESULTS
Cyst Number and Volume. In the absence of cAMP agonists, MDCK cells suspended in collagen gel did not form fluid-filled cysts. Rather, the MDCK cells developed localized clusters of cells or tumors that resembled cellular nodules observed in standard transformation assays in soft agar. By contrast, compounds that would be expected to increase cellular levels of cAMP caused the formation of fluid-filled cysts that expanded progressively (Fig. 1) . Cyst formation (number) was enhanced by PGE1, arginine vasopressin (AVP), cholera toxin, forskolin, and 8-BrcAMP ( Fig.  1 (Table 3 ). Direct addition of 8-BrcAMP stimulated cell proliferation to the same extent as cholera toxin. Inhibition of phosphodiesterase with MIX increased further the rate of cell proliferation caused by terbutaline and AVP but not to a level that was greater than that caused by MIX alone. In some cases (forskolin and 8-BrcAMP), the addition of MIX may have diminished the rate of cell proliferation (data not shown).
Fluid Secretion. Treatment of confluent MDCK monolayers with agents that stimulated cAMP formation caused sustained "uphill" fluid secretion to levels much greater than controls (Fig. 2) . Forskolin stimulated fluid secretion to a greater extent than PGE1, and the secretion rates were augmented by MIX. 8-BrcAMP (l0-3 M) stimulated fluid secretion to levels approximately equal to forskolin (data not shown). Control monolayers, treated with agonists on day 3, showed full secretory responses. Removal of agonists after 3 days of stimulation caused secretion rates to decline; ouabain (10-6 M) blocked completely the fluid secretion caused by cAMP agonists (data not shown).
Composition of Secreted Fluid. In fluid recovered from cysts, there were no significant differences in sodium and potassium concentration between the bathing medium and the cyst fluid (Table 4) . However, the chloride content was 15 milliequivalents/liter higher in the cyst fluid than in the bath.
In the fluid secreted by MDCK monolayers, the osmolality (+12 milliosmolar), Na+ (+4.5 milliequivalents/liter), K+ (+0.5 milliequivalents/liter), and Cl-(+23 milliequivalents/ liter) levels were higher than in the bath. Number of cells (mean ± SEM) was from four measurements of subconfluent cell monolayers 7 days after adding agonist. 
DISCUSSION
The MDCK model offers a unique opportunity for studying the regulation of cell proliferation and fluid secretion in cyst development. The present observations showed that PGE, stimulated the formation and enlargement of MDCK cysts (5) . Further, the competence of MDCK cells to form cysts in collagen was lost upon removal of PGE1 from hormonally defined medium, in which case, the MDCK cells proliferated and formed small clusters of cells or tumors, without a fluid-filled cavity. PGE1 is known to increase intracellular cAMP levels in MDCK cell monolayers (7), and there was a 2-fold increase of cAMP after the addition of PGE1 to established MDCK cysts. In view of these findings, we tested the effects of other constituents of the cAMP signal transduction system on the formation and expansion of cysts derived from MDCK cells grown in collagen.
AVP, a membrane-receptor ligand that, like PGE1, stimulates cAMP production in MDCK cells (10) , promoted the formation of MDCK cysts in collagen. The involvement of a guanine nucleotide binding stimulatory protein (G,) was verified by the formation of cysts after the selective addition of cholera toxin. Forskolin, which activates the catalytic subunit of adenylate cyclase, as well as the sole addition of 8-BrcAMP, a permeable analog of the nucleotide, induced cyst development. Finally, concurrent addition of each of the agonists with MIX, a phosphodiesterase inhibitor, caused potentiation of the cystogenic effects of these agents. Thus these findings support the view that the formation of MDCK cysts in collagen required the production of cAMP.
No cysts were generated by the solitary addition of MIX or ,3-adrenergic agonists, but the combination of isoproterenol or terbutaline with MIX caused cyst formation. The finding that isoproterenol and MIX formed more cysts than terbutaline and MIX suggests the predominance of the /3k-adrenergic receptor subtype in this cell strain. Bradykinin and phenylephrine, agents that induce phosphatidylinositol bisphosphate hydrolysis and calcium mobilization, and 1,2-dioctanoylglycerol, a phorbol ester that activates protein kinase C, did not promote cyst formation. Cyst formation involves a coordinated series of events culminating in epithelial cell proliferation and vectorial fluid secretion. We attempted to determine the extent to which cAMP regulated these two central processes. cAMP stimulated cell proliferation of MDCK monolayer cultures, a result consistent with previous observations (7, 11) . However, cAMP levels generated in response to stimulation by MIX, PGE1, cholera toxin, and forskolin did not correlate with the observed proliferation rates (Tables 2 and 3 ). It appeared that relatively low levels of cAMP stimulation were sufficient to maximally augment the rate of cell proliferation. This supposition agrees with the finding that MIX, which caused a low level of intracellular cAMP accumulation, maximally stimulated proliferation in monolayers and caused the formation of cell clusters in collagen gel. These findings support the conclusion that enhanced cell proliferation alone is inadequate to form a cyst.
On the other hand, cysts were formed when relatively high levels of cAMP were provoked by the addition of MIX with other agonists (Fig. 1 and Table 2 ). This finding suggested that fluid secretion may be a critical determinant of cyst formation and enlargement. Indeed, MIX accelerated the rate of net fluid secretion caused by PGE1 and forskolin in polarized monolayers, in a pattern similar to that observed for the formation and enlargement of cysts in collagen gel. It seems, therefore, that while cellular proliferation is an essential component, fluid secretion may have a commanding role in cyst development and expansion. Moreover, the synchronized operation of cell proliferation and fluid secretion appears to be under the control of intracellular cAMP.
It is generally acknowledged that renal tubules reabsorb, not secrete, fluid. The current results provide evidence to support the plausibility that renal epithelia can secrete fluid (12, 13); moreover, renal fluid secretion may be stimulated by activation of the cAMP signal transduction pathway. Fluid secretion in MDCK epithelia appears to be coupled to the net transport of solute, since the Na+ level ofthe cyst fluid was equal to the bath medium, and the hydrostatic pressure was greater in the cyst cavity than in the bath (5). Finding chloride levels higher in cyst fluid and in fluid secreted by confluent monolayers suggested that the secondary active transport ofthis anion may have a prominent role in net solute secretion. Indeed, previous studies with MDCK and A6 cell monolayers, and corneal and airway epithelium, have shown that cAMP agonists stimulate the secretory flux of chloride (14) (15) (16) (17) (18) (19) (20) (21) (22) .
The magnitude of stimulated transepithelial secretion observed in confluent MDCK monolayers was close to the rate offluid accumulation in intact cysts growing at a maximal rate of enlargement. Numbers are mean ± SEM of n samples. Cyst fluid content was determined by electron probe analysis. ND, not determined; Monol., monolayers; mOsM, milliosmolar. Proc. Natl. Acad. Sci. USA 86 (1989) hr (Fig. 2) . These considerations support the view that the coordinated expression of cellular proliferation and fluid secretion had a strong influence on the rate of expansion of intact cysts in collagen gel.
Recent studies suggest that cAMP stimulates fluid secretion and cyst formation in primary cultures of normal and polycystic human kidneys. This suggests that the cAMP signal transduction system may be an important paradigm in the investigation of cyst formation and expansion in disease states (23) .
In summary, the current study shows that MDCK cell cyst formation and enlargement is dependent on cAMP. For a cyst to expand, cells in the wall must proliferate and fluid must be secreted into the cavity. This report shows that the cAMP signal transduction system may be an important modulator of cell proliferation and transepithelial fluid secretion in the kidney.
